Two-component regulatory systems (TCSs) are found in all eubacterial species except mycoplasmas (18, 22) . TCSs are one of the main signal transduction systems that allow bacteria to adapt to changing environmental conditions (reviewed in ref- erences 3, 19, 34, 42, 45, and 46) . Consequently, each bacterial species contains multiple TCSs that are required for a wide range of responses that affect growth, survival, and virulence (reviewed in references 15, 18, 21, 22, and 43) . In several different bacteria, at least one TCS is essential for growth in laboratory media through its regulation of essential genes or processes (5, 9, 10, 16, 20, 23, 26, 29, 31, 37, 43, 44) . A typical TCS consists of a histidine kinase (HK) and a cognate response regulator (RR). HKs autophosphorylate at conserved histidine residues in response to environmental or metabolic signals (reviewed in references 7, 18, 19, 22, 34, 42, 45, and 46) . Phosphoryl groups on the histidine residues of HKs are then transferred to conserved aspartate residues in the receiver domains of cognate RRs. Phosphorylation of an RR alters its conformation and its interactions with other components of the signal transduction pathway, often resulting in a change in the ability of the RR to bind to DNA and influence transcription (7, 18, 19, 22, 34, 42, 45, 46) .
Because of their central roles in bacterial physiology and their essentiality in some cases, TCSs have frequently been proposed as targets for new antibiotics (1, 21, 27, 30, 35, 39, 40) . A general inhibitor of multiple TCSs would be highly desirable, because it is unlikely that antibiotic resistance would develop as quickly to multiple targets. However, the quest for small molecules that specifically inhibit TCS function has proven to be particularly challenging. The most common inhibitors reported to date are hydrophobic compounds that inhibit HK autokinase activity noncompetitively with respect to ATP (see references 17, 39, and 40) . However, these compounds generally inhibit by binding to the four-helix bundle that contains the conserved histidine residues, thereby causing aggregation of the HKs (40, 41) . This kind of inhibitor usually prevents bacterial growth by nonspecific mechanisms independent of HK inhibition (17, 39, 41) . Several recently described hydrophobic inhibitors of HKs may fall into this class (13, 24) .
In contrast, competitive ATP inhibitors of HKs have not generally been reported, except for standard nucleotide analogues, such as AMP-PNP, which are not drug candidates (33, 40, 41) . As discussed recently by Stephenson and Hoch (39) , competitive inhibitors of HKs present a considerable specificity challenge. HKs per se have not been found in mammals; however, the unusual Bergerat ATP binding fold in HKs is shared with several proteins, such as mammalian homologues of the MutL mismatch repair protein, the Hsp90 chaperone, and certain mitochondrial kinases (6, 39, 48) . Indeed, the antifungal compound radicicol is a competitive ATP inhibitor of HKs and of mammalian ␣-keto acid dehydrogenase, which also contains a Bergerat fold (2) . On the other hand, significant advances have been made in discovering specific competitive ATP inhibitors of other classes of mammalian kinases, despite strong conservation of the ATP binding site (reviewed in 4, 11, 32, and 36). These advances have relied on a combination of screening, combinatorial chemistry, and structure-based design, often starting with a compound that lacks specificity or other desirable medicinal chemistry properties. Thus, it is important to find other competitive ATP inhibitors of HKs which might serve as a starting point for maximizing specificity.
We report here a new class of competitive ATP inhibitors of bacterial HKs, 3,6-diamino-5-cyano-4-phenyl-thieno [2,3-b] pyridine-2-carboxylic acid (4-bromo-phenyl)-amide (TEP) (Fig. 1) . TEP (CAS [Chemical Abstracts] registry number 332175-01-6) was obtained from AsInEx Company (Moscow, Russia) or ChemBridge Corporation (San Diego, CA). The structure of the compound used in this study was confirmed by physical chemical methods and by resynthesis. We identified TEP as an inhibitor of TCS function in a high-throughput screen of compound libraries. In this screen, we used a coupled assay containing the HpkA HK and DrrA RR of Thermotoga maritima that allows multiple turnovers of HpkA, linear formation of phosphorylated DrrA, and Michaelis-Menten analysis of inhibitors of HpkA autokinase activity or phosphoryl group transfer from HpkA to DrrA (12) . The coupled assay measures the formation of phosphorylated DrrA (Drr-P) in reaction mixtures containing catalytic amounts of HpkA and excess amounts of ATP and DrrA, which are treated as substrates in the kinetic analyses ( Fig. 2 and 3 ) (12) . In the high-throughput screens, we used a filter format of the coupled assay, as described previously (12) , which employs 96-well Immobilon P filter plates (Millipore, Inc.).
Fifty-percent inhibitory concentration (IC 50 ) determinations performed by methods described previously (12) showed that TEP competes with ATP in the coupled assay (Fig. 2) . When the ATP concentration in the reaction mixtures was dropped from 100 M to 3.1 M, the IC 50 dropped from 2.30 M to 0.41 M, indicating stronger inhibition at the lower ATP concentration (Fig. 2) . In contrast, the formation of DrrA-P in the coupled assay was insensitive to variations of the DrrA amount at fixed concentrations of ATP (data not shown). Inhibition analysis on Lineweaver-Burk plots demonstrated that TEP was indeed a competitive inhibitor of the coupled reaction, with a K i of 0.62 M (Fig. 3) . By comparison, TEP was a much stronger competitive inhibitor of the coupled reaction than the nonhydrolyzable ATP analogue AMP-PNP was (12, 41) . The 
FIG. 4. Inhibition of autophosphorylation and lack of aggregation
of His-HpkA77 in the presence of various concentrations of TEP. The inhibition of His-HpkA77 autophosphorylation and percentage of HisHpkA dimer remaining following cross-linking with glutaraldehyde were determined as previously described (12) in reaction mixtures containing 2 M His-HpkA77 and 20 M ATP that were incubated at 42°C for 30 min. Reaction mixtures were then divided into two aliquots, one of which was quenched while the other was cross-linked with glutaraldehyde for 30 min longer before being quenched (12) . Samples lacking TEP were defined as 100% autokinase activity or dimer amount. Standard errors are indicated, and the experiment was performed independently twice. At 20 M, the IC 50 of TEP was 2.35 M (ϩ0.08/Ϫ0.09; n ϭ 2) for the autokinase reaction, whereas the DC 50 ([TEP] at which 50% dimer was present) was Ͼ1,700 M for loss of the His-HpkA77 dimer.
VOL. 187, 2005 NOTES 8197
HpkA autophosphorylation. We confirmed that TEP was competing with ATP by performing autokinase assays as described previously (12) TEP is a hydrophobic compound that starts to become insoluble in aqueous solutions lacking dimethyl sulfoxide at concentrations above 20 g per ml (ϳ44 M). Stephenson et al. were the first to show that many hydrophobic noncompetitive ATP inhibitors of bacterial HKs act by a nonspecific mechanism that leads to aggregation (41) . In contrast, competitive ATP inhibitors, such as AMP-PNP, do not lead to aggregation (12, 41) . We tested whether TEP led to an aggregation of the HpkA HK by comparing autokinase inhibition with the disappearance of HpkA dimers upon glu- FIG. 5 . TEP stains the peripheries of bacterial cells. Staphylococcus aureus strain ATCC 12598 was grown in brain heart infusion broth and stained with (A) 0.2 g per ml DAPI (Sigma) or (B) 8.0 g per ml TEP in 1% dimethyl sulfoxide. Suspensions were observed immediately by phase-contrast microscopy (lower panels) and by epifluorescence microscopy (upper panels) using a 100ϫ oil emersion lens with excitation at 330 to 380 nm and emission above 420 nm. DAPI is a control for staining bacterial nucleoids. Peripheral staining with TEP was also observed for L-form cells of S. aureus, which lack a cell wall, and for mammalian tissue culture cells (data not shown).
taraldehyde cross-linking as described previously (12) . Inhibition by TEP is not correlated with the loss of an HpkA dimer (Fig. 4) ; therefore, TEP does not inhibit HpkA by causing extensive aggregation.
Finally, we tested whether TEP inhibited the growth of bacterial cells or was toxic to mammalian cells. TEP did not inhibit (MIC, Ͼ256 g per ml) a panel of gram-positive and -negative bacteria, including Streptococcus pneumoniae R6, Enterococcus faecium SP180, Enterococcus faecalis SP409, Haemophilus influenzae ATCC 49247, Escherichia coli K-12 MG1655, E. coli MG1655 envA1, and E. coli MG1655 tolC::kan (25), and was not toxic to rat R6 myoblasts in standard assays (38) . In addition, TEP did not affect the function of the VanRS TCS of Enterococcus faecium in a reporter assay reported previously (14) . We found that TEP exhibited fluorescence in aqueous solution (excitation wavelength, 348 nm; emission wavelength, 702 nm), but not in 100% dimethyl sulfoxide. Because of this fluorescence, we examined Staphylococcus aureus cells treated with TEP by epifluorescence microscopy (Fig. 5B) . For a control, we stained cells with DAPI (4Ј,6Ј-diamidino-2-phenylindole), which binds to nucleic acids (Fig. 5A) . DAPI stained compact nucleoids that had already separated in cells that were about to divide (Fig. 5A) . In contrast, TEP localized to the periphery of cells and to the septa of predivisional cells. This pattern suggests that either the cell membrane or peptidoglycan was stained by TEP. Consistent with staining of the cell membrane, an L-form strain of S. aureus, which lacks a cell wall (28) , showed peripheral staining with TEP, as did other bacteria, such as S. pneumoniae R6, and mammalian tissue culture cells (data not shown). In other experiments, partition of TEP into the membranes of Streptococcus pneumoniae R6 did not result in a detectable MIC but did increase the transcript amounts of several heat shock and stress response proteins in microarray analyses (data not shown; see reference 31).
In summary, TEP is a new class of competitive ATP inhibitors of bacterial HK autophosphorylation that does not cause extensive protein aggregation. TEP contains a core ring structure ( Fig. 1 ) that resembles that of purines, but the structural basis for inhibition of HKs by TEP is yet to be determined. On the other hand, TEP does not strongly inhibit mammalian serine/threonine kinases and thus is not a general inhibitor of protein kinases. TEP is hydrophobic and seems to partition into the membranes of cells, which probably prevents inhibition of the growth of bacterial cells. TEP could serve as the starting compound for new inhibitors that specifically inhibit bacterial HKs. Such inhibitors could be useful in structurefunction studies of the mechanism of autophosphorylation by bacterial HKs. In addition, a structure-activity relationship study starting with TEP could determine whether inhibition of HK autokinase activity can be maintained in derivatives that are imported into the cytoplasm of bacterial cells.
